The canonical 2,4-dichlorophenoxyacetic acid (2,4-D) degradation pathway is that of Alcaligenes eutrophus JMP134(pJP4), which uses six enzymes to convert 2,4-D to tricarboxylic acid cycle intermediates (2, 11, 13) . The first enzyme in the pathway, 2,4-D/␣-ketoglutarate dioxygenase (TfdA), converts 2,4-D, ␣-ketoglutarate, and oxygen to 2,4-dichlorophenol, glyoxylate, carbon dioxide, and succinate (4) . Several methods to assay TfdA-like activities have been described, but all have limitations. High-pressure liquid chromatography (HPLC) (4), gas chromatography (12) , and radioactive methods to measure the release of 14 CO 2 from a labeled substrate (5, 7) are discontinuous and time consuming and require sophisticated equipment. Oxygen electrodes can be used in a continuous assay (13) , but this approach is confounded by the presence of other oxygenases and requires specialized equipment. A discontinuous spectrophotometric assay for substituted phenols using 4-aminoantipyrene to form a highly colored complex has been used for the in vitro detection of substituted phenols (5, 9) and in a petri plate assay to detect cells with overexpressed or deregulated TfdA systems (9) , but the required high pH is lethal to the cells. Here, we evaluated 4-nitrophenoxyacetic acid (4-NPAA) (Tokyo Kasai, Tokyo, Japan) for use in a sensitive, continuous spectrophotometric assay for TfdA.
Using purified A. eutrophus JMP134 TfdA and kinetics methods previously reported (5), 4-NPAA was shown to be a substrate (
). When compared to published values for the decomposition of 2,4-D by this enzyme (K m ϭ 17.5 Ϯ 1.0 M, k cat ϭ 529 min Ϫ1 [5] ), it is clear that the affinity for 4-NPAA is 50-fold less, the turnover number is unchanged, and the catalytic efficiency is approximately 2.0% of that for 2,4-D. One product of 4-NPAA decomposition was demonstrated to be 4-nitrophenol (4-NP) on the basis of UV-visible spectroscopy and HPLC analysis using a Hewlett Packard Series 1050 HPLC unit with a Hibar Lichrosorb RP-18 column, using 60% methanol-40% 20 mM KH 2 PO 4 buffer at pH 3.
We sought to use the intensely yellow (18.4 mM Ϫ1 cm Ϫ1 ) 4-NP chromophore to detect whole-cell TfdA activities in a set of control and engineered strains (Table 1 ) and in a collection of 42 2,4-D-degrading strains (Table 2) in a plate assay. Colonies were carefully wetted with freshly prepared assay solution (10 mM 4-NPAA, 50 M Fe(NH 4 ) 2 (SO 4 ) 2 , and 50 M ascorbate in 20 mM Tris-HCl; pH 7.4), allowed to dry, and rewetted with an atomizer. Plates were incubated at 30ЊC with intermittent observation for 5 min to 6 h. Colonies of A. eutrophus, Burkholderia cepacia DB01(pRO101), and numerous environmental isolates capable of degrading 2,4-D were found to turn yellow and produced a yellow halo of diffusing 4-NP around the colony. The halo was particularly useful for identification of activity with pigmented colonies. Importantly, however, not all 2,4-D degraders presented a yellow halo and selected engineered strains known to express tfdA remained as colorless as the controls lacking tfdA expression (Table 1) . Similar results were obtained in batch culture or microtiter plate assays, where cultures were spiked with 1.5 mM 4-NPAA when the cultures were in late-log to early stationary phase and incubated for 5 min to 6 h at 30ЊC. Samples of the cultures, or entire microtiter plates, were centrifuged to pellet the cells, supernatants were transferred to cuvettes or fresh microtiter plates where 1/10 volume of 0.1 N NaOH (final pH, 11) was added, and the absorbances at 401 nm were measured. As with the plate assay, not all of the cells known to express tfdA or degrade 2,4-D produced a yellow color.
The lack of color production in selected whole cells is likely due to the inability of these cultures to transport 4-NPAA through the cell envelope. For example, when Escherichia coli CB1833 or CB1811 cells (negative in whole-cell assays, yet known to express tfdA) were sonicated, centrifuged for 30 min at 100,000 ϫ g, and assayed spectrophotometrically at 401 nm (reaction mixtures consisted of 1 mM ␣-ketoglutarate, 50 M ascorbate, 50 M Fe(NH 4 ) 2 (SO 4 ) 2 (three known cofactors), and 1.5 mM 4-NPAA in 20 mM Tris-HCl; pH 7.4), the production of 4-NP was observed ( Table 1) . Inclusion of 0.1 volume of 0.1 N NaOH as a quench step in the assay increased its sensitivity by converting all of the released 4-NP to its deprotonated form (pK a ϭ 7.15); however, the assay cannot be used in a continuous manner at high pH values (5) . Among the six environmental isolates that were negative in whole-cell assays, only one, Nitrobacter winogradskii M1 (6), was positive in the lysate assay (Table 2) . Of note, much of the activity of this strain was found in the particulate fraction. The lack of activity in whole cells and presence of activity in lysates is taken as evidence of a transport deficiency. Attempts to permeabilize E. coli cells with chloroform or toluene vapor or by treatment with Triton X-100 at various concentrations in conjunction with this assay were ineffective or completely eliminated TfdA activity.
The 4-NPAA whole-cell and cell lysate assay results for the environmental isolates demonstrate that caution must be used in making interpretations based on this substrate. Five 2,4-Ddegrading isolates (B6-5, B6-7, TFD1, TFD11, and TFD28 [6, (10) with the SacI/XbaI fragment of pKJS31 (in an orientation opposite to that of the plasmid promoter) inserted into the SacI/XbaI site of the polylinker, with pMMB511 containing the same insertion in pMMB503HE (Sm r ) (10) in the correct orientation to be expressed from the plasmid promoter. Plasmid pRO101 is pJP4:Tn1721 (Tc r ), with no effect on the known genes for 2,4-D degradation (8) . b Minimal salts medium (7) was supplemented with 1.5 mM 2,4-D (termed M2) with 0.2% vitamin-free Casamino Acids (termed MC), or both (termed MC2). MC1 medium is MC with 100 M isopropyl-␤-D-thiogalactopyranoside (IPTG). Kanamycin and streptomycin were used at 100 g/ml, naladixic acid was used at 50 g/ml, and tetracycline was used at 25 g/ml.
c Visible production of 4-NP from 1.5 mM 4-NPAA by 2,4-D-induced whole cells on agar plate. d Spectrophotometrically quantifiable 4-NP production, using the cytosolic fraction of cell lysates in the lysate assay, expressed in micromoles per milliliter per minute per milligram of protein. a Closest species identifications were previously determined in many cases by partial 16S rRNA sequence alignment to GenBank sequences (8) , with strain M1 identity clarified in this work by subsequent alignment to additional sequences and neighbor-joining phylogenetic analysis.
b Hybridization groupings, where defined, were previously determined by hybridization band pattern using tfdA, tfdB, and tfdC gene probes, with conditions set to exhibit hybridization at Ͼ60% identity (8) . For strains marked with an asterisk inclusion was based on REP patterns (8) or on responses in the 4-NPAA assays (this work).
c Southern hybridization under low stringency conditions, using A. eutrophus tfdA as a probe (6) . ϩ, positive hybridization; Ϫ, no hybridization. d Visibly detectable conversion of 4-NPAA to 4-NP in liquid cultures containing minimal medium, 0.5 mM 2,4-D, and 0.5 mM 4-NPAA. ϩ, color detection within 2 h; slow, color detection within 6 h; Ϫ, no detectable reaction after 24 h. e ϩ, quantifiable conversion within 2 to 5 min; weak, reaction detectable only after several hours; Ϫ, no reaction within 24 h. Lysates which did not convert 4-NPAA were retested under various growth conditions. f 4-NPAA conversion was at least partially present in pellet fraction of cell lysates. g ND, not determined. h Gram-positive isolates.
14]) were negative for 4-NPAA conversion both as whole cells and in extracts (Table 2) . These results are consistent with the presence of a 2,4-D-degrading enzyme that fails to recognize 4-NPAA or fails to convert 4-NPAA under conditions used in this assay. Several other strains (EML146, TFD12, TFD32,  TFD35, TFD44 , and TFD45 [6, 14] ) were able to degrade 4-NPAA as whole cells but exhibited no activity in extracts.
Lysates of these strains also failed to convert 2,4-D to 2,4-dichlorophenol. This outcome could suggest the presence of a highly labile enzyme or one that metabolizes 2,4-D by an alternate mechanism not requiring ␣-ketoglutarate. Nevertheless, for most environmental isolates, 4-NPAA can serve as a useful substrate to allow the detection and continuous spectrophotometric assay of TfdA activity in whole cells, enriched fractions, or cell lysates.
